The interface of a 1 : 2 molar choline chloride/ethylene glycol deep eutectic solvent with a glassy carbon electrode has been investigated by polarization modulation reflection-absorption spectroscopy (PM-IRRAS). Temporal spectral changes at open circuit potential show the experiments to be surface sensitive and indicate slow adsorption of electrolyte molecules on the electrode surface. In situ spectroelectrochemical PM-IRRAS measurements reveal characteristic potential-dependent changes of band intensities and wavenumber-shifts in the surface spectra. The potential dependent spectral changes are discussed in terms of adsorption, reduction, desorption and reorientation of choline cations at the interface. Analogies are drawn to the ionic layer structure proposed for the architecture of electrode/ionic liquid interfaces. The results show that in situ PM-IRRAS is generally applicable to glassy carbon electrodes and to electrode interfaces with deep eutectic solvents.
Introduction
Deep eutectic solvents (DESs) consist of a mixture of a quaternary ammonium halide (NR 4 + X À ) with a hydrogen bond donor (RZ; Z = CONH 2 , COOH, OH). 1 These compounds have many of the physical-chemical properties of classical room temperature ionic liquids (RTILs), such as negligible vapour pressure, good ionic conductivity and thermal stability. 2 Moreover, they are air-and water-stable, easy to prepare and low in cost, which make them an attractive alternative to some highly reactive RTILs. 3 One of the most attractive characteristics of RTILs and DESs is their wide electrochemical window, which can span more than 4 Volts and allows the electrodeposition of metals that cannot be electroplated from aqueous solutions. 4, 5 However, the electrochemical processes taking place at the electrode/RTIL interface are quite different from those in aqueous solutions. 6 The Gouy-Chapman-Stern model of the electric double layer (EDL) for metal interfaces with aqueous electrolyte solutions 7 cannot be directly transferred to RTILs. Mainly because the former has been formulated to explain diluted electrolytes, in which the ions are treated as point charges, whereas RTILs consist of neat ionic fluids. 8, 9 In situ measurements such as X-ray reflectometry 10 and atomic force microscopy 11 have been used to investigate the near-surface structure of the electrode/RTIL interface. Multilayers of alternating ions with well ordered compact layers of RTILs have been proposed to explain such interfaces. 12 Consequently, mass transport and charge transfer kinetics of electrode reactions can be significantly affected leading to unexpected electrochemical outcomes. [13] [14] [15] Several surface sensitive spectroscopic techniques have been used to investigate RTIL/electrode interfaces, including sum frequency generation (SFG), [16] [17] [18] [19] surface-enhanced Raman spectroscopy (SERS), 20, 21 surface-enhanced infrared absorption spectroscopy (SEIRAS), 22, 23 subtractive normalized interfacial
Fourier transform infrared spectroscopy (SNIFTIRS) 24 and infrared reflection absorption spectroscopy (IRRAS). 25, 26 Spectroscopic and theoretical investigations on electrified electrode/ionic liquid interfaces suggest that the electrode surface acts as an electronic and structural template, where cations adsorb at potentials negative of the potential of zero charge (PZC) and that at potentials positive of the PZC the cations are replaced by anions. 6, [27] [28] [29] However, this potential-dependent re-arrangement of cations and anions is not that simple and adsorption-desorption hysteresis 19, 22 as well as ultra-slow restructuring 30, 31 have also been reported. Infrared reflection absorption spectroscopy (IRRAS or RAIRS) is a powerful technique to interrogate metal-liquid interfaces at a molecular level. 32, 33 However, difficulties may arise from the strong IR absorption of the electrolyte in external reflection geometry, which usually masks the IR signal of the surface species. Due to the difficulty of acquiring a background spectrum of the solution under exactly the same conditions (for a solidliquid interface), a background correction can be made by either potential or polarization modulation.
In potential modulation, the background is an IRRAS spectrum recorded at a given reference potential. This technique has been used for the spectroelectrochemical investigation of the ionic liquid [EMIM] [BF 4 ] (1-ethyl-3-methylimidazolium tetrafluoroborate) at charged gold electrodes. 24 Variation of the band intensity of anions and cations in the IR spectra with the applied potential indicated an overall change of the interfacial species. Moreover, this technique also allowed to predict the orientation of the EMIM + cations at the surface, which allegedly had a vertical orientation towards the gold surface. IRRAS has already been used to study ionic liquid/metal interfaces, namely [EMIM] [Tf 2 N] (1-ethyl-3-methylimidazolium bis-(trifluoromethylsulfonyl)imide) on Ag. 25, 26 The temperature effect was investigated and the thin-film IRRAS spectra were compared to those of the bulk liquids. 26 Differences for the IR bands of bulk and thin film spectra arising from the substrate-IL interactions at open circuit potential were reported. 25 Polarization modulation is based on the surface selection rule, 36 which state that the p-polarized radiation is absorbed by surface and liquid phase species, whereas the s-polarized light is only absorbed by the species in the liquid phase. Thus, the s-spectrum can be used as a background. 37 The difference between the p-and s-polarized spectra divided by the sum of the two yields an IR spectrum of the surface species. This technique is called polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS). PM-IRRAS is a distinguished technique to study adsorption 38 and has been successfully employed to study the molecular structure of self-assembled monolayers, biomimetic membranes and Langmuir Blodgett films at charged metal electrodes by Lipkowski's group. [39] [40] [41] [42] [43] [44] [45] [46] To date, however, no PM-IRRAS study of electrode/ionic liquid interfaces has been reported in the literature.
We have extensively studied the electrochemistry of choline chloride (ChCl)/ethylene glycol (EG) deep eutectic electrolytes containing ZnCl 2 , mainly at glassy carbon (GC) electrodes. 47, 48 Unusual voltammetric behaviour such as cathodic peaks for Zn electrodeposition in the reverse anodic scan, have been observed for this DES [47] [48] [49] on glassy carbon and also in other RTILs. 50, 51 Strong adsorption of the electrolyte and potentialdependent blocking of the active sites of the electrode surface may account for these effects. 47 Here, we present a PM-IRRAS study of the adsorption and potential dependent changes of ChCl/EG on a glassy carbon electrode. This is the first report on in situ PM-IRRAS of an electrode/DES interface and of in situ PM-IRRAS on glassy carbon electrodes.
Experimental

Materials
Ethylene glycol (99.8%, anhydrous, Sigma Aldrich) was used as received. Solutions of 1 : 2 molar ratio of ChCl and EG, referred to as 12CE, were prepared as described elsewhere. 47 The electrolyte was added to the spectroelectrochemical (SEC) cell under dry N 2 atmosphere.
ATR-FTIR
Infrared spectra of the bulk electrolyte were measured on a Bruker Alpha FTIR spectrometer equipped with an ALPHAs platinum attenuated total reflectance (ATR) single reflection diamond. The spectra were recorded in the ATR module with a spectral range between 4000 and 400 cm À1 , averaged 200 times at a resolution of 4 cm À1 .
Spectroelectrochemical cell
A PM-IRRAS cell suitable for work with ionic liquids was designed and constructed in house (Fig. 1) . The cell was custom-made of stainless steel and can be sealed with o-rings. Ports with polytetrafluoroethylene (PTFE) tubes connected to 3-port valves permit gas purging, filling with electrolyte (3 mL) or complete sealing of the cell. The working electrode consisted of a 14 mm diameter glassy carbon disk inserted into a threaded shroud, which was used to accurately control the distance between the electrode and the zinc selenide optical window via a micrometer screw. The zinc selenide window is sealed with an o-ring and a polyether ether ketone (PEEK) cell body, which also serves as the electrolyte compartment. Zinc wires were used as quasi-reference and counter electrodes to make these measurements better comparable to previous studies. 47, 48 They were connected via insulated wires and an external pin connector to the potentiostat. The temperature of the cell could be controlled internally by a ceramic heating element. The experiments described here were all performed at room temperature. 
PEEK cell body (5) thermo element, (6) contact for a counter electrode and quasi reference electrode wires, (7) o-ring for sealing of the spectrometer, (8) hollow steel cell body with threaded inlet and outlet ports (PTFE tubes) for connection to gas flow and electrolyte filling, (9) micrometer screw.
In situ PM-IRRAS spectroelectrochemistry
Electrochemical in situ experiments were carried out by hooking up the spectroelectrochemical cell to a Metrohm Eco Chemie Autolab PGSTAT100 potentiostat/galvanostat, controlled by NOVA 1.06 software. Chronoamperometry and simultaneous PM-IRRAS were synchronized manually. Electrochemical experiments were performed in external reflection geometry (10 mm thick layer of electrolyte). An uncompensated solution resistance (iR drop) of 190 O was estimated using the current interrupt and the positive feedback tools the NOVA software of the potentiostat. The electrochemical experiments were performed with an automatic iR drop compensation.
PM-IRRAS measurements were carried out with a Bruker IFS66 vacuum Fourier transform infrared spectrometer. The light beam was incident at 701 with respect to the surface normal onto the sample and the light was detected by a liquid nitrogen-cooled mercury cadmium telluride detector. Two wiregrid polarizers were placed in the incident beam light path, one mounted onto a rotatable mount and the other on a motor mount controlled by Opus Spectroscopy software (Bruker). A script was written to rotate the polarizer through 901 and to collect the spectrum sequentially with s-and p-polarized radiation. The intensity of the glow bar is constant over several hours. In addition, the geometry of the two polarisers ensures a constant intensity in s and p. A detailed description of the method has been published by Schennach et al. 37 All spectra were collected at 4 cm À1 spectral resolution using 200 scans and are presented without smoothing. The PM-IRRAS geometry was checked with respect to the optical constants of the ZnSe window and the electrolyte used, in order to avoid total reflection. The refractive index (Z) of ZnSe and 12CE are 2.632 35 and 1.46 52, 53 respectively. According to Snell's Law, total reflection at the ZnSe/12CE interface would take place at incident angles above 33.691, probing only the ZnSe/ 12CE interface. Hence, the measurements were carried out with an incident angle at the vacuum/ZnSe interface of 701, which results in an incident angle of 211 at the ZnSe/12CE interface and an incident angle of 401 at the 12CE/GC interface giving maximum intensity. This incident angle with respect to the normal on the GC surface clearly is not ideal, but could not be further increased due to restrictions of the reflection unit/cell geometry in combination with the high refractive index of 12CE. For interpretation of the IR results the surface selection rule was used. 36 This rule is valid for all conducting samples.
Nevertheless, a surface selection rule for non-conducting samples is also known. 54 Additionally, the electrode must be highly reflective to the IR radiation. Although this would be better achieved with metals such as gold, suitable IR reflectivity has also been reported for glassy carbon. 33 For each measurement, a p-and a s-polarized spectrum has been obtained. The ratio of the difference over the sum of the two spectra, calculated according to eqn (1) , results in the PM-IRRAS spectrum, which yields information about the species on the surface. 37 It is important to remark that within the electrolyte layer the intensity of s-and p-polarized light might not be the same. Therefore, the vibrations of species in the bulk electrolyte might not cancel out completely. For this reason, we have additionally normalized the spectra with respect to the initial spectrum at t 1 for time dependent and to the spectrum at E 1 for potential dependent measurements. As shown in the timeresolved measurements below, however, we have clear evidence that mainly surface-near species are detected.
Results and discussion
FTIR characterization of the DES
The compounds of interest were first investigated by ATR-FTIR spectroscopy (Fig. 2 ) in order to compare and understand the characteristics of the vibrations of 12CE on a GC surface. The vibrational spectra of ethylene glycol 55, 56 and of choline chloride 57, 58 are well described in the literature. However, there
are only a few spectroscopic investigations on the interaction of these two components in a deep eutectic solvent. 59, 60 Deep eutectic solvents are formed due to the strong interaction between a hydrogen bond donor (HBD) and a hydrogen . 64 The bands at 955 and 923 cm À1 (too small to be visible in Fig. 2 ) are attributed to the asymmetric and symmetric stretching modes of C-N, respectively. 65 
PM-IRRAS characterization of 12CE on glassy carbon
PM-IRRAS spectra of a glassy carbon surface immersed into ethylene glycol and 12CE electrolyte are presented in Fig. 3 . In the PM-IRRAS spectrum of EG significant differences compared to the bulk-IR can be observed. In the wavenumber region of the O-H stretching mode (3600-3200 cm
À1
) we observe two overlapping bands with two maxima at 3430 and 3260 cm
. In the FTIR of the bulk electrolyte, only one band is observed, at 3286 cm
. In this measurement, the absorption by species with a dipole moment perpendicular to the surface is intensified and thus the presence of two overlapping bands may originate from the vibrational modes of two different OH groups, one adsorbed on the electrode surface and a second at the other end of the EG molecule.
Similar changes in the vibrational spectrum of ethylene glycol caused by adsorption on a metal surface have been reported for EG on platinum, 66 palladium, 67 rhodium 68 and silver 69,70 surfaces using high resolution electron energy loss spectroscopy (HREELS). It was alleged that ethylene glycol interacts with Pt, Pd and Rh through both oxygen atoms (Fig. 4b) . 66 adsorbed exclusively in a bidentate orientation on the surface, the latter mode should not be observed, because it would be effectively screened out by the image dipole of the conducting surface. 71 However, in the surface spectra of both EG and 12CE bands in both wavenumber regions are observed (Fig. 3) . This means that a significant fraction of the species are adsorbed in a monodentate orientation giving rise to the n s (C-O) and the n as (C-O) modes. In this orientation the latter mode is allowed. Our results thus indicate that EG has its C-C bond axis predominantly tilted vertically to the glassy carbon surface (Fig. 4a) . The spectrum of 12CE shows a very intense absorption for OH at 3295 cm
. It also seems to be composed of two overlapping bands, similarly to the spectrum of pure EG. The bands associated with the ammonium function are sharper and more intense compared to the spectrum of the bulk 12CE. The asymmetrical bending of (CH 3 ) 3 N + at 1479 cm À1 and the asymmetrical stretching of C-N at 957 cm À1 show a significantly stronger absorption on GC. In none of the spectra of the two liquids a band associated with water at around 1650 cm À1 was observed, which confirms the water content to be very low.
Scheme 1 Interaction of choline chloride (HBA) and ethylene glycol (HBD) to form the 12CE DES. A comparison of the vibrational modes of EG and 12CE in the bulk and on a GC surface is shown in Table 1 . The bands were assigned according to the literature for EG and ChCl. [55] [56] [57] It should be noted that most of the C-O vibrations as well as the C-N modes of ChCl show a significant shift or/and increase in intensity when measured on the GC substrate. The presence of choline chloride results in competition for active sites on the surface, which is evident by the increase of the absorption band intensities related to this group in the PM-IRRAS spectrum. The higher intensity of the ammonium group in the surface spectrum of 12CE, compared to the bulk IR spectrum, suggests that the choline molecules adsorb through this functional group on the glassy carbon surface at open circuit potential.
Time-resolved measurements
PM-IRRAS spectra of a glassy carbon electrode at open circuit potential (OCP) in EG and 12CE were recorded as a function of time at regular intervals. The measurement was started immediately after filling of the cell with electrolyte and the subsequent approach of the working electrode to the ZnSe window. The temporal evolution of band intensities clearly demonstrates the sensitivity of the experiment for the glassy carbon/12CE interface. No temporal changes are observed in control experiments of the ZnSe/12CE interface. The initial time zero (t 0 ) indicates the first contact of the electrolyte with the GC electrode and the first measurement started 5 minutes later at time t 1 . The spectra here are presented as the ratio of the spectral intensity at sampling time t x over that at the first measurement at t 1 . Fig. 5a and b show the surface spectra of ethylene glycol as a function of time, monitored from t 1 = 5 minutes up to 300 minutes.
The absorption bands, particularly those related to the O-H and C-O groups, increase significantly within this period of time, e.g. the n(O-H) at 3700-3100 cm À1 and n(C-O) at 1130-950 cm À1 . Similarly, the r(CH 2 ) and n(C-C) skeleton vibrations of ethylene glycol at 930-820 cm À1 show a stronger IR absorption with time. The increase of the n(O-H), n(C-O) and C-H bands can be followed by plotting the integrated band intensity versus time (Fig. 5c) .
The O-H stretching at 3520 cm À1 turns much more intense compared to that at 3250 cm À1 and continuously increases with time indicating self-assembly of EG molecules on the surface. This results in an increase of the surface population and consequently of the IR signal. The layering of the molecules at OCP proceeds very slowly and reaches a plateau after 200 minutes. It is important to mention that PM-IRRAS is also sensitive to the molecules that are in the proximity of the electrode surface (ca. 1 mm, or 1/4 of the wavelength of the incident radiation). 35 Hence, the absorption increase may be the result of an increasing transition dipole moment of the molecules in the vicinity of the electrode surface caused by an increase in population and/or a more vertical orientation of the molecules. Although there might be condensation of water on the detector, from the liquid nitrogen cooling, the O-H absorption by water molecules is annulled through the subtraction of the s-from p-polarized spectrum, since the absorption will be the same in both polarized components. The EG was removed and 12CE electrolyte was inserted into the cell. For this second experiment it is important to remark b n = stretching, d = bending; g = wagging; t = twisting; r = rocking, as = asymmetric; s = symmetric. 
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that the GC was pre-wetted with EG. A slow increase in band intensities similar to that of EG was observed for the DES 12CE (Fig. 6) . The intensity increase of the asymmetric stretching mode of (CH 3 ) 3 N + at 950 cm À1 indicates that the choline ammonium group competes with the OH group for adsorption sites on the electrode surface. However, the intensities of the two overlapping OH bands at about 3400 and 3200 cm
À1
are similar, in contrast to the spectrum of EG, where the OH group thought to be in contact with the surface shows a higher intensity.
Layering of organic solvents 73, 74 and ionic liquids [75] [76] [77] [78] near solid surfaces at OCP have been detected by in situ AFM of metal/liquid interfaces. Molecular ordering at solid surfaces has been found a common phenomenon for organic solvents and ionic liquids. However, the adsorption strength of ionic liquids can be much higher than that of organic solvents, as indicated by the AFM rupture force for such ionic layers. 79 Moreover, it has been shown that the layering of ionic liquids is promoted by applying an external potential to the electrode, which can also change the order of cations and anions and their orientation on the surface. 12 
Spectroelectrochemistry
In situ PM-IRRA spectra were recorded during a chronoamperometric multi-step sequence. The sequence of potential steps together with the current responses and the corresponding PM-IRRA spectra are presented in Fig. 7 and 8 , respectively.
The spectrum recorded at the first potential step (+0.25 V vs. Zn/Zn 2+ ) was chosen as reference. Since this potential is measured at open circuit, no faradaic reactions should take place here. All following spectra recorded at different applied potentials (E n ) have been normalized (by division) to this reference (E 1 ). Therefore, bands pointing up indicate an increase in absorption, whereas those pointing down have a lower IR absorption compared to the reference spectrum. From +0.25 V, the potential was stepped in the negative direction until À0.8 V in intervals of 0.2 V and then back positively till +0.6 V. During the first potential step at +0.25 V vs. Zn/Zn 2+ (about 10 minutes after filling the SEC cell with 12CE), the molecules presumably have a random orientation at the GC surface. Thus initially, ammonium as well as hydroxyl groups might be in contact with the electrode. By stepping the potential negatively to 0 V, adsorption of choline molecules at the GC becomes evident by an increase in the intensity of the bands in the fingerprint region (1500-800 cm À1 ), particularly those attributed to the vibrations of the quaternary ammonium group at 1479 and 959 cm À1 . This increase in absorption intensity is accentuated as the potential is stepped more negative to À0.2 and À0.4 V vs. Zn/Zn
2+
. A corresponding increase in the cathodic charging current can be observed at À0.4 V, likely due to a stronger adsorption of choline cations.
Stepping the potential to À0.6 and À0.8 V causes a decrease of the PM-IRRAS signal, compared to that at À0.4 V. For these potential steps, a significant increase in current density is also observed, indicating reduction of the electrolyte (ChCl, EG). 47 At À0.6 V reduction of the electrolyte might already occur on some active sites. At À0.8 V, electrolyte reduction takes place on the whole electrode surface. Consequently, the adsorbed layer is desorbed and a decrease of the band intensities is observed in the whole PM-IRRAS spectrum. No evidence for massive formation of hydrogen gas is observed though. In that case the layer cavity would be completely filled with the gas, thus the IR absorbance would be much lower than during the initial state of the experiment. Instead, the PM-IRRAS spectrum at À0.8 V is similar to the one at OCP (+0.25 V), where the molecules are Primary cathodic reduction products of the choline cations probably are choline radicals. These radicals could decompose to trimethylamine and ethanol, dimethylaminoethanol and/or acetaldehyde. 80 The latter three could be further reduced to form alkoxy species (RO À ). 47, 48 Alternatively, electrochemical grafting of the generated radicals on the GC surface could occur. 81 The IR bands of these radicals and decomposition products appear at wavenumbers similar to those of the functional groups of the choline, and are thus difficult to identify. The evolution of the bands with applied potential can be better visualized in the spectra with a corrected baseline as presented in Fig. 9 . The baseline was corrected using the spline interpolation as described by Zamlynny et al. 35 The spectra have been divided into three regions: the n(O-H) region from 3600 to 2700 cm Adsorption of the ammonium group at a positively charged electrode seems rather unlikely. The anions in the deep eutectic electrolyte presumably replace the cations at positive potentials. In the 12CE, these anions would be either Cl À or RO À species, where the latter are generated through the reduction of the Ch + (or EG) at E r À0.6 V. In Fig. 7 , an anodic current density of 0.22 mA cm À2 is observed at +0.6 V indicating oxidation of cathodic reduction products of the electrolyte. Simultaneously, there is a significant absorption increase of the bands in the 1200-1000 cm À1 region (n as and n s of C-O, Fig. 8 ). However, integration of these C-O bands is difficult due to the overlap with n s (C-N) at 1133 cm
À1
. The increase in this region, however, could also be caused by the oxidation of the glassy carbon, generating -O-H, -CQO and -COOH groups on the surface. 82 The binding strength of the Ch + to the GC surface can be evaluated by the position of the d as and n as N + (CH 3 ) 3 band centers as a function of the applied potential (Fig. 11) . Variations on the vibration frequency of a band may indicate changes in adsorption geometry, surface coverage or the electrostatic properties of the molecules on the electrode surface. 83 Band-shifts to lower wavenumbers (red-shift) indicate that the bond became weaker. On the contrary, shifts to higher wavenumbers (blue-shift) suggest a strengthening of the chemical bond. If the Ch + group is adsorbed to the electrode surface at negative potentials, it is expected that the induction of charge from the electrode will make the bond stronger, causing a blueshift. also demonstrate that the layer architecture and binding strength of the adsorbate depend on the applied potential. These findings could help in explaining potential dependent blocking effects we observed during zinc electrodeposition from 12CE on glassy carbon. 47 Although our observations are consistent with complimentary studies on electrode/RTIL interfaces by others, we are aware that our interpretation is preliminary. Density functional theory calculations and molecular dynamic simulations are currently in progress for this system and will contribute to a clearer and more quantitative picture of these interfacial processes.
Conclusions
The glassy carbon electrode/electrolyte interface has been studied in situ by PM-IRRAS for the first time. This is a rather new approach also for spectroelectrochemical investigations of ionic liquids. To date, PM-IRRA spectroelectrochemistry has not been reported for ionic liquids or deep eutectic solvents. The glassy carbon electrode interface with ethylene glycol and 12CE gave a good response to PM-IRRAS and most of the vibrational modes of the liquids could be identified. The increase of the band intensities with time at open circuit potential indicates self-assembly of EG and 12CE at the surface and demonstrates the surface sensitivity of the external reflection geometry.
The spectroelectrochemical study of 12CE on glassy carbon electrodes showed characteristic potential-dependent changes of the surface spectra. They indicate that decreasing the potential from open circuit to À0.6 V vs. Zn/Zn 2+ causes mostly choline cations to adsorb on the surface. From 0 to À0.6 V the adsorbed Ch + molecules become more tilted toward the electrode surface, consequently decreasing the resultant dipole moment and the PM-IRRAS signal. At À0.8 V, the Ch + molecules are reduced, and as a result hydrogen is likely to adsorb on the GC surface. From À0.6 to +0.4 V vs. Zn/Zn 2+ Ch + molecules re-adsorb on the GC surface, and an increasing IR absorbance is observed for the d and n vibrational modes of the choline N + (CH 3 ) 3 group. At E Z +0.4 V a re-arrangement of the interfacial species takes place and Ch + is probably replaced by Cl À . In this potential range, the bands attributed to the vibrational modes of Ch + increase due to a change in molecular orientation, which becomes more vertical with respect to the surface in order to maximize the electrostatic interaction with the primary adlayer of Cl À .
